frames/s and the markers' 3-dimensional coordinates were exported for further analysis using mathematical software.
The hand biomechanical model was modified from previous studies of grasp. [4] There were 11 rigid segments generated for the three dimensional motions of each of the finger articulations relative to the wrist (Figure 2 ). From the three dimensional coordinates of the markers, joint angles and contact angles were calculated.
Pearson product moment correlation coefficients (r) were used to determine the degree of association between distal to proximal joints as well as parallel joints between the fingers. A descriptive comparison was made between motion of the normal hand and two terminal devices (a hook and a modified hook).
RESULTS:
Descriptive statistics of joint angles at the time of grasp are listed in Table 1 . For two and three-fingered grasp using this specific set of objects, the thumb total range of motion was from 20 o to 43 o for 80% of grasps. In other words, the range of motion requirement for 80% of grasps in this sample was 23 o . The largest variability of any of the finger joints was the index MCP joint (a range of -44 o to 49 o ). There appeared to be a predisposition for the distal segments of the thumb and index finger to be angled rather than being parallel. The average angle between the index and thumb distal segments was about 30 o .
Distal to proximal articulations in separate fingers (thumb, index and long fingers) had relatively low correlations (r= -0.20 to 0.40). Thumb total range of motion had low correlation to index and long finger motion. Higher correlations were found with index finger and long finger parallel joints (r= 0.41 to 0.65) and total The standard hook is a single hinge system ( Figure 3 ). The hinge allowed for 70 o of motion for the distal grasp surface. The alternate terminal device mechanism included the proximal hinge of the standard hook and additional rotation through 4-bar linkages 2 that allow contact surface motion of 90 o at each of the prosthetic "fingers" (Figure 4 ). Grasp characteristics of the standard hook terminal device depend entirely on the single degree of freedom articulation relative to the size and surface geometry of the object. As a consequence, contact areas are relatively small.
The adapted hook device has a second degree of freedom at each contact surface mechanism that rotates in response to applied forces. The passive mechanisms become tangent to curved or flat object surfaces and can approximate the contact positions of the finger tips while grasping some objects.
DISCUSSION:
The available sagittal plane range of motion of index and long finger distal phalanges relative to the metacarpals is approximately 320 degrees and the distal phalanx of the thumb can move 180 degrees relative to the 1 st metacarpal, but grasping patterns use only a small proportion of the total range. To develop an effective grasping terminal device, it might be possible to reproduce the necessary range of motion more easily than the potential range of motion.
One goal of a terminal device might be to obtain a similar contact position for the distal phalanx of the thumb, index and long fingers in relation to the objects. For example, the range of motion of a terminal device contact surface should be at least 90 degrees relative to the metacarpals while accommodating to the required aperture.
The single hinge of the hook device can create an aperture for grasp but there is no mechanism to bring the contact surfaces into a more normal finger to surface configuration. The standard hook device is unresponsive to change in forces at object interface. Friction coefficients are low, and in combination with the small surface contact areas and resultant forces on the object that push it away from the terminal device, grasping is less effective.
The adapted hook device has a second level of articulations that allow high-friction material to contact the object. Rotation of the 4-bar linkages allows improved contact geometry. Despite the potential for multiple contact points, the grasp patterns are not similar to the two or three finger grasp patterns of the normal hand. However, adaptations of mechanism may permit a more normal contact distribution.
While it is possible that only the biomimetic 2 Patent pending approach can accomplish all possible grips, other approaches with simpler controls or mechanisms have not been explored thoroughly. In creating an artificial hand for grasping, the optimal configuration may differ from the anatomical configuration. Articular designs may lead to contact geometry that is similar to the normal hand.
CONCLUSIONS:
Thumb position during two and three finger grasp of standard geometric objects was relatively consistent utilizing less than half of the available range of motion. Most grasps were accomplished within a 20 o range for the thumb. The index finger and long finger also used less than 50% of their available range of motion. Design criteria for prosthetic terminal devices for grasp should be derived from normal functional ranges of motion and finger positions used during the grasping process.
